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Abstract 
A compound controller is proposed to alleviate the considerable chattering in output of zero phase error tracking controller 
(ZPETC), when the flight simulator losses command data of simulation signal. Besides, the shortcomings, caused by conven-
tional differential methods in retrieving velocity and acceleration signals, are avoided to a certain extent. The compound control-
ler based on disturbance observer (DOB) is composed of a feed-forward controller and a feedback controller. It estimates veloc-
ity and acceleration of unknown tracking signal, and also velocity response with an approximate method for differential. The 
experiments on a single-axis flight simulator show that the proposed method has strong robustness against parameter perturba-
tions and external disturbances, owing to the introduced DOB. Compared with the scheme with ZPETC, the proposed scheme 
possesses more simple design and better tracking performance. Moreover, it is less sensitive to position command distortion of 
flight simulator.  
Keywords: compound controller; zero phase error tracking controller; flight simulators; disturbance observer; robustness 
1. Introduction1 
Flight simulator system is a kind of servo system 
with high accuracy in position tracking. The perform-
ance of the system is usually affected by parameter 
perturbations and external disturbances including 
nonlinear friction, load inertia torque and so on. Dis-
turbance observer (DOB) is proven to be one of the 
most effective ways to tackle the above-mentioned 
problem [1-2]. It treats the difference between the actual 
plant and the nominal model which results from pa-
rameter perturbations and external disturbances as 
equivalent control input. According to the estimated 
disturbances observed by DOB, the same amount of 
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compensation to control input is introduced to realize 
strong robustness. DOB based flight simulator control 
system has strong inhibiting effect against distur-
bances, and is widely applied to practice  [3-6]. 
Researchers in the past years have investigated the 
use of digital feed-forward controller to improve the 
performance of servo system. In such designs, the zero 
phase error tracking controller (ZPETC) cancels the 
closed-loop poles and cancellable zeros of the control 
plant, at the same time, eliminates phase error induced 
by non-cancellable zeros [7-10]. The ZPETC provides 
the overall system with special frequency characteris-
tics such that phase error is zero at all frequencies, and 
the gain is nearly unity at low frequencies [7]. There-
fore, ZPETC is widely used in high-accuracy position 
tracking system [11-14]. However, the ZPETC is de-
signed intricately in practice. In addition, in a flight 
simulator system, the control computer, used for com-
puting control quantity, gets a tracking command from 
the simulation computer through communication net-
work. The control quantity of flight simulator system Open access under CC BY-NC-ND license.
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with ZPETC chatters intensely when the flight simu-
lator losses data of simulation signal, owing to mis-
match of clock cycles, network delay, etc. 
Generally speaking, the tracking signal of flight 
simulator is unknown. Therefore, the velocity and the 
acceleration of tracking signal have to be assessed with 
some algorithms. Among these algorithms, the con-
ventional differential methods, such as forward differ-
ence and backward difference, have poor anti-interfe- 
rence ability, because they can magnify the noise in 
position signal and even heavily contaminate the de-
sired signal when the sampling frequency of digital 
system increases. Moreover, the above-mentioned dif-
ferential methods are inapplicable to get the velocity or 
the acceleration of tracking signal when the flight 
simulator loses data of simulation signal. Because in 
this case, the computed velocity of tracking signal will 
skip to zero, which results in velocity signal distortion. 
Attention has been paid to the research of compound 
control method for flight simulator [14-16]. Using a DOB 
and an approximate method for difference, the design 
of a novel compound controller for flight simulator is 
the main topic in this paper. Meanwhile, the suppres-
sion of chattering induced by ZPETC, the tracking 
performance and the robustness are all pursued in our 
design. 
2. Control Scheme with ZPETC 
The control scheme with ZPETC is introduced in 
this section. The designs of DOB and ZPETC are also 
presented respectively. Moreover, the oscillation prob-
lem of ZPETC output is analyzed with theory and si-
mulation. 
2.1. Control structure 
The control scheme with ZPETC is shown in Fig. 1, 
which consists of three components, a DOB, a feed-
back controller and a ZPETC as the feed-forward con-
troller. 
 
 Fig. 1  Structural diagram of control scheme with ZPETC. 
In Fig. 1, r and y represent the position command 
and the position response of plant respectively, u′ and 
u represent ZPETC output and the control input of 
plant respectively. Moreover, ZPETC and the closed- 
loop system are denoted as ZPETC{Gc(z−1)} and 
Gc(z−1) in discrete respectively.  
2.2. DOB design 
In order to realize suppression against disturbances, 
the equal compensation is introduced into control input 
by means of the estimated disturbances observed by 
DOB. The basic idea of DOB is shown in Fig. 2. 
 
Fig. 2  Basic diagram of DOB. 
In Fig. 2, Gp(s) and Gn(s) represent the actual plant 
and the nominal model respectively, Q(s) denotes a 
filter, and s means Laplace operator, d and dˆ  represent 
the equivalent disturbances and the estimated distur-
bances respectively. Let u and d be system input, and 
the position response can be acquired on the basis of 
superposition principle: 
 ( ) ( )uy dyy G s u G s d= +            (1) 
where 
 p n
n p n
( ) ( )
( )
( ) ( ( ) ( )) ( )uy
G s G s
G s
G s G s G s Q s
= + −    (2) 
p n
n p n
( ) ( )(1 ( ))
( )
( ) ( ( ) ( )) ( )dy
G s G s Q s
G s
G s G s G s Q s
−= + −       (3) 
Assume the bandwidth of filter Q(s) is f0. At low 
frequencies, Q(s)≈1 exists when frequency f≤  f0, 
therefore Guy(s) ≈ Gn(s) and Gdy(s) ≈ 0. In high fre-
quency domain, Q(s)≈0 exists when frequency f  > f0, 
therefore Guy(s) ≈ Gp(s) and Gdy(s) ≈ Gp(s). This means 
DOB makes the characteristic of the actual plant ap-
proximately the same as that of the nominal model in 
low frequency domain. Therefore, the system has 
strong inhibiting effect against external disturbances 
and parameter perturbations. 
In the design of DOB, rotating shaft distortion, un- 
modeled dynamics and other factors, which are all 
considered together as unstructured uncertainties, are 
ignored when Gn(s) is chosen. As a result, the simpli-
fied nominal model is acquired as follows: 
n 2
n n
1( )G s
J s B s
= +              (4) 
where Jn>0 and Bn>0 represent the equivalent moment 
of inertia and the equivalent damping coefficient re-
spectively.  
Q(s) design is significant in DOB design. In the first 
instance, the relative degree of Q(s) must be equal to 
or greater than that of 1n ( )G s
− , in order to make 
1
n( ) ( )Q s G s
− regular. According to the nominal model 
as shown in Eq. (4), Eq. (5), a third order binomial 
filter [1], is chosen for this research, which satisfies the 
property stated above. 
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       3 3 2 2
3 1( )
3 3 1
sQ s
s s s
τ
τ τ τ
+= + + +         (5) 
Secondly, both disturbance rejection performance and 
robust stability of DOB should be considered when we 
design the bandwidth of Q(s), which is settled by the 
adjustable parameter τ. 
The set of uncertain objects will be described in one 
relative or multiplicative form as follows [17]: 
p n( ) (1 ( )) ( )G s s G sΔ= +%            (6) 
where Δ(s) denotes variable transfer functions. More-
over, the sensitivity function and complementary sen-
sitivity function of DOB (from u to y) are expressed by 
Eqs. (7)-(8) respectively. 
 ( ) 1 ( )S s Q s= −               (7) 
 ( ) 1 ( ) ( )T s S s Q s= − =   (8) 
where s=jω, and ω means angular frequency. 
According to the robust stability condition of system 
||Δ(jω)T(jω)||∞ ≤ 1 [17], there is 
|| ( j ) ( j ) || 1QΔ ω ω ∞≤              (9) 
where ||⋅||∞ denotes H-infinite norm. The value of τ 
depends on Eq. (9). 
Guy(s)≈Gn(s) exists when frequency f ≤ f0, therefore 
the compound controller design in Section 3 is based 
on the parameters of the nominal model. In addition, 
the feedback controller in Fig. 1 will be illustrated ex-
plicitly in Section 3. 
2.3. ZPETC design 
The transfer function of the closed-loop system in 
Fig. 1 is represented in discrete [7] as  
s 1 1
1 i o
c 1
( ) ( )
( )
( )
dz B z B z
G z
A z
− − −
−
−=        (10) 
where sdz−  means the ds-step pure delay in discrete 
plant, A(z−1) the denominator polynomial, Bi(z−1) the 
polynomial expression with cancellable zeros of 
Gc(z−1) which are inside the unit circle, Bo(z−1) the 
other polynomial expression with non-cancellable ze-
ros of Gc(z−1) which are outside or on the unit circle. 
Note that 
1 1 2
1 2
1 i i 1 i 2 i
i 0 1 2
1 o o 1 o 2 o
o 0 1 2
( ) 1
( )
( )
w
w
v
v
l
l
A z a z a z a z
B z b b z b z b z
B z b b z b z b z
− − − −
− − − −
− − − −
⎧ = + + + +⎪⎪ = + + + +⎨⎪ = + + + +⎪⎩
L
L
L
 
where A(z−1), Bi(z−1), Bo(z−1)∈R(z−1), and R(z−1) de-
notes the set of real polynomials in z−1 domain. 
When the tracking signal of flight simulator is un-
known, ZPETC is designed as follows [13]: 
1
1 o
c 1 2
i o
( ) ( )
ZPETC{ ( )}
( )( (1))
lz A z B z
G z
B z B
− −
−
−=      (11) 
where l is the number of non-cancellable zeros of 
Gc(z−1) and (Bo(1))2 a scaling factor [16]. Moreover, 
Bo(z)∈R(z), where R(z) denotes the set of real polyno-
mials in z domain. 
2.4. Analysis of ZPETC 
Other than Eq. (11), the design of ZPETC can also 
be expressed as 
1
1 0 1
c 1
1
( )ZPETC{ ( )}
( ) 1
m
m
n
n
q q z q zu kG z
r k p z p z
− −
−
− −
′ + + += = + + +
L
L
 
(12) 
where  
0
1 1
( ) ( ) ( ) ( )
m n
i j
i j
u k q r k q r k i p u k j
= =
′ ′= + − − −∑ ∑   (13) 
Then, consider the ZPETC output at discrete time 
points labeled with serial number k+1 and k+2 as rep-
resentative to analyze the problem. From Eq. (13), 
u′(k+1) can be obtained: 
0
1 1
( 1) ( 1) ( 1) ( 1)
m n
i j
i j
u k q r k q r k i p u k j
= =
′ ′+ = + + − + − − +∑ ∑
 (14) 
According to Eqs. (13)-(14), there is  
0
s s
1 1s s
( 1) ( ) ( 1) ( )
( 1) ( ) ( 1) ( )m n
i j
i j
u k u k r k r kq
T T
r k i r k i u k j u k jq p
T T= =
′ ′+ − + −= +
′ ′− + − − − + − −−∑ ∑
(15) 
where Ts denotes the sampling period of digital sys-
tem. If there is no command loss, let 
s s
( ) ( 1) ( ) ( 1)( ) , ( )r u
r k r k u k u kv k v k
T T
′ ′− − − −= =  
where vr(k) and vu(k) represent the current velocity of 
command signal and that of ZPETC output respec-
tively. Accordingly, Eq. (15) is transformed into 
Eqs. (16)-(17). 
0
1 1
( 1) ( 1) ( 1) ( 1)
m n
u r i r j u
i j
v k q v k q v k i p v k j
= =
+ = + + − + − − +∑ ∑
(16) 
0 1
1
2 2
( 2) ( 2) ( 1)
( 1) ( 2) ( 2)
u r r
m n
u i r j u
i j
v k q v k q v k
p v k q v k i p v k j
= =
+ = + + + −
+ + − + − − +∑ ∑  
(17) 
If command loss occurs at (k+1)Ts, at which time the 
command is not attained, there is r(k+1) = r(k). The 
velocity values of ZPETC output at (k+1)Ts and 
(k+2)Ts are expressed as Eq. (18) and Eq. (19) respec-
tively. 
1 1
( 1) ( 1) ( 1)
m n
u i r j u
i j
v k q v k i p v k j
= =
′ + = − + − − +∑ ∑  (18) 
· 616 · WU Yunjie et al. / Chinese Journal of Aeronautics 24(2011) 613-621 No.5 
 
0 1( 2) ( 2) ( 1)u r uv k q v k p v k′ ′ ′+ = + − + +  
2 2
( 2) ( 2)
m n
i r j u
i j
q v k i p v k j
= =
− + − − +∑ ∑    (19) 
where rv′ (k) and uv′ (k) denote the current velocity of 
command signal and that of ZPETC output after com-
mand loss time respectively. 
From Eqs. (16)-(19), the following equations are 
also obtained. 
0( 1) ( 1) ( 1)u u rv k v k q v k′ + − + = − +      (20) 
0( 2) ( 2) ( ( 2) ( 2))u u r rv k v k q v k v k′ ′+ − + = + − + −  
1 1( 1) ( ( 1) ( 1))r u uq v k p v k v k′+ − + − +     (21) 
Moreover,  
( 2) ( 2) ( 1)r r rv k v k v k′ + − + = +      (22) 
Based on Eqs. (20)-(22), there is 
0( 1) ( 1) ( 1)u r uv k q v k v k′ + = − + + +     (23) 
0
0 0 1 1 0
( 2) ( 1) ( 2)u r uv k q v k v k
q q q p q
′ ′+ = + + +⎧⎨ ′ = − +⎩
   (24) 
Note that Ts is very small, therefore vu(k), vu(k+1) 
and vu(k+2) are very close when there is no command 
loss. For the flight simulator control system, |vu(j)|<M 
(M>0), j=k+1, k+2; q0>>1, 0q′ >>1, and the larger the 
actual moment of inertia is, the greater q0 and 0q′  are. 
From Eqs. (23)-(24), it is concluded that the velocity 
quantity of ZPETC output chatters between positive 
and negative values, which results in the oscillations of 
ZPETC output. Accompanied by that, the control input 
of plant chatters evidently. 
The following numerical simulation proves the 
above conclusion. The ZPETC from Ref. [14] is ex-
pressed as 
1 2
1
c 5 5 1
1 1.928 0.927 7ZPETC{ ( )}
6.584 10 6.422 10
z zG z
z
− −−
− − −
− += × + ×  
Choose command signal as 
s( ) 1.0sin(2 1.0 )r k k T= π× × ×  
where Ts = 0.001 s. If there is no command loss in 
simulation, the information of ZPETC output at some 
time points is illustrated in Table 1. In addition, 
vr(1 000)=6.283 1 (°)/s. 
Table 1  Information of ZPETC output without com-
mand loss  
k vu(k)/(V·s−1) u′(k)/V 
998 −15.913 9 3.533 3 
999 −16.053 3 3.517 2 
1 000 −16.192 2 3.501 0 
1 001 −16.330 4 3.484 7 
 
 
However, if command loss occurs at 1.0 s, it means 
r (1 000)=r (999). The corresponding information is 
shown in Table 2. 
Table 2  Information of ZPETC output with command 
loss 
k uv′ (k)/(V·s−1) u′(k)/V 
998 −15.913 9 3.533 3 
999 −16.053 3 3.517 2 
1 000 −95 447 −91.929 4 
1 001 372 490 280.557 1 
 
The quantitative data in Table 1 and Table 2 coin-
cide with Eqs. (23)-(24). Therefore, the oscillation 
problem of ZPETC output, when command loss oc-
curs, has been clearly presented. 
3. Compound Control Scheme 
This section introduces a compound controller with 
approximate method for difference and verifies its fea-
sibility and efficiency for flight simulator control sys-
tem in theory. Moreover, the relationships between the 
parameters in the compound controller are deduced. 
3.1. Original control scheme 
The compound controller [14] for flight simulator 
contains a feedback controller and a feed-forward con-
troller, which is shown in Fig. 3. 
 
Fig. 3  Structural diagram of flight simulator control sys-
tem. 
In Fig. 3, the feedback is implemented as a propor-
tional-derivative (PD) controller. The values of coeffi-
cients K1 and K2 are acquired by adjusting in practice; 
meanwhile, coefficients K3 and K4 are unknown. The 
transfer function from the position command to the 
position response is shown as 
2
3 4 1 3 1 2
1 1 2
( ) ( ) ( )
( )
( ) ( ) 1
uy uy uy
ry
uy uy
K K s G s K K sG s K K G s
G s
K sG s K K G s
+ += + +  
 (25) 
The following expression of the nominal model is 
used instead of Eq. (4), 
n
n
n
( )
( )
KG s
s s P
= +             (26) 
where Kn=1/Jn and Pn=Bn/Jn. Moreover, according to 
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Section 2.2, Guy(s)≈Gn(s) exists at low frequencies. 
Therefore, 
2
3 4 n 1 3 n 1 2 n
2
1 n n 1 2 n
( )
( )ry
K K K s K K K s K K K
G s
s K K P s K K K
+ +≈ + + +   (27) 
Theorem 1  The system shown in Fig. 3 is stable, 
when the conditions expressed by Eqs. (28)-(29) are 
both satisfied. 
1 n n 0K K P+ >              (28) 
1 2 n 0K K K >               (29) 
Theorem 1 can be easily proved based on Routh’s 
stability criterion [18]. 
Corollary 1  If K1, K2, K3 and K4 are all positive, 
the system shown in Fig. 3 is stable. 
Note that if K1, K2, K3 and K4 are all greater than 0, 
Eqs. (28)-(29) will be both satisfied, therefore Theo-
rem 1 is valid. 
Theorem 2  Gry(s) is close to 1 in low frequency 
domain, when the relationships given by Eqs. 
(30)-(31) are both satisfied. 
n
3
1 n
1
PK
K K
= +               (30) 
4
3 n
1K
K K
=                 (31) 
Note that if K3K4Kn=1 and K1K3Kn=K1Kn+Pn are 
both satisfied, Gry(s)≈1 is available. In other words, 
Gry(s) is close to 1 when Eqs. (30)-(31) are both satis-
fied. Thereupon, the gain of system |Gry(jω)| is close to 
1; meanwhile the phase error of system ∠Gry(jω) is 
about 0. Overall, this control scheme mentioned above 
is feasible under Theorem 1 and Theorem 2. 
3.2. Approximate method for differential 
Generally, for flight simulator system, the values of 
velocity and acceleration of the tracking signal are 
previously unknown. In engineering application, the 
above information is obtained through difference cal-
culation of signals from position sensor. However, the 
forward difference shown as Eq. (32) and backward 
difference shown as Eq. (33), which are used in regu-
lar, have weak anti-interference ability.  
s
( 1) ( )ˆ ( )r
r k r kv k
T
+ −=             (32) 
 
s
( ) ( 1)ˆ ( )r
r k r kv k
T
− −=            (33) 
where ˆrv  denotes the estimation value of vr. They am-
plify the noise in position signal and even heavily 
contaminate the desired signal with increment of sam-
pling frequency. 
This subsection introduces an approximate method 
for difference to estimate the values of velocity and 
acceleration. This method is expressed by [14,19]  
ˆ
1
r
gs gv r rgg s
s
= =+ +
            (34) 
In fact, we concatenate one lowpass filter after s, and 
its cut-off frequency is g>0. Then, the principle dia-
gram of approximate method for difference is illus-
trated in Fig. 4 according to Eq. (34). 
 
Fig. 4  Principle diagram of approximate method. 
Furthermore, Eq. (34) is represented in a discrete 
form as follows: 
1
s
0
ˆ ˆ( ) [ ( ) ( ( ) )]
k
r r
i
v k g r k v i T
−
=
= − ⋅∑         (35) 
Eq. (35) shows the implementation algorithm for the 
above approximate method in experiment. Next, the 
proposed method is verified and compared with other 
method by simulation. 
To test this differential approach, quantitative analy-
sis is implemented. The input signal is a sinusoid with 
1° magnitude and 1 Hz frequency. The random noise 
with 0.001° magnitude is added to the position signal. 
Moreover, the sampling period Ts is 0.001 s and g is 
chosen as 100 rad/s. Then the velocity signal of the 
above position signal is acquired by the backward dif-
ferential method and the approximate method respec-
tively. The simulation results are illustrated in Fig. 5. 
Note that the velocity estimated errors limited be-
tween ±1 (°)/s are shown in Figs. 5(b)-5(c), in order to 
make more clear comparison. 
According to Fig. 5, the approximate method is  
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Fig. 5  Illustration of simulation results. 
more effective than the backward difference to realize 
signal difference, and has better ability to overcome 
the noise. Moreover, the greater the value of g is, the 
smaller the estimation error for velocity is, but the 
worse the filtering effect against disturbances is, and 
vice versa. Therefore, both velocity estimation effect 
and filtering effect should be considered with respect 
to practical conditions, when g is valued. 
 In the same way, the acceleration value of position 
signal is estimated by 
2
ˆ ˆr r
gs gsa r v
g s g s
⎛ ⎞= =⎜ ⎟+ +⎝ ⎠
          (36) 
3.3. Improved control scheme 
The original control scheme mentioned in Section 
3.1 can be improved through the approximate method 
for difference. Then, the improved control scheme is 
shown in Fig. 6. The differences lie in the feed-forward 
controllers and velocity feedback from the original 
control scheme shown in Fig. 3. 
 
Fig. 6  Structural diagram of improved flight simulator 
control system. 
Note that the values of K1 and K2 are acquired by 
adjusting in practice, while K3 and K4 are unknown. 
Moreover, the value of g is chosen under the practical 
conditions. The transfer function of system is given as  
2
3 4 1 3
1 2 1 1 2
( ) ( ) ( )
( ) ( ) ( ) 1
ry uy uy
uy uy uy
gs gsG s K K G s K K G s
g s g s
gsK K G s K G s K K G s
g s
⎡ ⎛ ⎞ ⎛ ⎞⎢= + +⎜ ⎟ ⎜ ⎟+ +⎢ ⎝ ⎠ ⎝ ⎠⎣
⎡ ⎤⎤ ⎛ ⎞ + +⎢ ⎥⎥ ⎜ ⎟+⎝ ⎠⎦ ⎣ ⎦
 
                                 (37) 
Obviously, there is Guy(s)≈Gn(s) at low frequenies 
from Section 2.2. Accordingly, Eq. (37) is replaced by 
Eq. (38) on the basis of Eq. (26), 
2 23 4 3
1 2 n
1 2 2
( ) 1ry
K K K
G s K K K g g s
K K K
⎡⎛ ⎞≈ + + +⎢⎜ ⎟⎢⎝ ⎠⎣
 
2 2 4 3 23
1 2 3 4
2
2 ( )K g g s g s a s a s a s a
K
⎤⎛ ⎞+ + + + + +⎥⎜ ⎟⎝ ⎠ ⎦
 
(38) 
where a1 = 2g+Pn, a2 = g2+(2Pn+K1Kn)g+K1K2Kn, a3 = 
(Pn+K1Kn)g2 + 2K1K2K ng, and a4 = K1K2Kng2. 
Theorem 3  The system shown in Fig. 6 is stable, 
when the conditions expressed by Eq. (39) are satis-
fied. 
n
3 2 2
n 1 n n 1 n n
1 2 n n
4 2 2 2 3
n 1 n n 1 n 1 n n
2 2 2 3 2
1 2 n n n 1 n n 1 2 n n
2 2 2 2 2 2
1 n n 1 2 n 1 2 n n
2 2
1 2 n n
1 2 n
2 0
2 (4 ) (2 )
0
(2 2 ) (4 5 )
2 (2 3 4
2 ) (4
3 ) 0
0
g P
g P K K g P K K P g
K K K P
P K K g P K K K K P g
K K K P P K K P K K K P
K K P K K K g K K K P
K K K P g
K K K
+ >⎧⎪ + + + + +⎪⎪ >⎪⎪ + + + + +⎪⎨ + + + +⎪⎪ + + +⎪⎪ >⎪ >⎪⎩
 
(39) 
Note that Theorem 3 can be easily proved based on 
Routh’s stability criterion [18]. 
Corollary 2  If K1, K2, K3 and K4 are all positive, 
the system shown in Fig. 6 is stable. 
Note that if K1, K2, K3 and K4 are all greater than 0, 
Eq. (39) is satisfied. Therefore, Theorem 3 is valid. 
Theorem 4  Gry(s) is close to 1 at low frequencies, 
when the relationships presented by Eqs. (40)-(41) are 
both satisfied. 
n 2
3
1 n
21 P KK
K K g
= + −           (40) 
1 1 2
4 2
n 3 3
1 K K KK
K K g K g
= − −         (41) 
Proof  The deduction originated from Eq. (38) is 
represented as follows: 
2 2 2
1 2 n 1 2 2
2 3 2
n n 1 2 n 1 n
2 2
1 2 n 1 2 n 1 2
2 2 3 2
2 n n
2
1 2 n 1 n 1 2 n 1 2 n
2
1
( ) [( 1) ( 2 )
] /{[ ( ) ( )
]( )} [( 1)
( 2 ) ]( ) /{[ ( ) (
) ]( ) }
[(
ryG s K K K C g C g s C g g
s g s P g s P g K K K K K g s
K K K g s g K K K C g C g s
C g g s g s g s P g s P g
K K K K K g s K K K g s g K K K
C g
≈ + + + +
+ + + + + + +
+ = + + +
+ + + + + + +
+ + + =
+
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where C1=K3K4/(K1K2) and C2=K3/K2.  
Eqs. (42)-(44) should be satisfied in order to achieve 
better tracking performance. 
2
1 2
1 2 n 2
1
1
C g C gK K K
g
+ + =         (42) 
2
1 2
1 2 n n
2 3C g C gK K K P g
g
+ + = +      (43) 
1 2 n 2 n 1 2 n 1 n( 3)K K K C g P g K K K K K g+ = + +  (44) 
These mean that Eqs. (45)-(47) need to be met. 
2 2
3 4 n 1 3 n 1 2 nK K K g K K K g g K K K+ = −    (45) 
2 2
3 4 n 1 3 n n 1 2 n2 3K K K g K K K g P g g K K K+ = + −  
(46) 
  1 3 n n 1 n 1 2 n2K K K g P g K K g K K K= + −    (47) 
Eq. (47) holds true, if Eqs. (45)-(46) are both met. 
Then Eqs. (40)-(41) are acquired from Eqs. (45)-(46). 
Accordingly, there is 
2
2( ) ( )ry
gG s
s g
≈ +           (48) 
Furthermore, 
2
2 2
1( j )
( j ) ( j / 1)ry
gG
g g
ω ω ω≈ =+ +     (49) 
The gain of system |Gry(jω)| is close to 1 when g>>ω 
exists, while the phase error of system ∠Gry(jω) is 
about 0. Theorem 4 has been confirmed. 
In addition, Gry(s)→1, K3→1+Pn/(K1Kn) and K4→1/ 
K3Kn are available when g→∞, which is consistent 
with Theorem 2. Generally, the proposed improved 
control scheme is feasible under Theorem 3 and Theo-
rem 4. 
4. Experimental Results 
This section verifies the feasibility and effectiveness 
of the proposed compound controller by experiments. 
The improved control scheme proposed in Section 3.3 
is compared with another scheme with ZPETC, which 
is illustrated by Fig. 1. 
The experimental setup is shown in Fig. 7. The op- 
 
Fig. 7  Single-axis flight simulator. 
tical-electrical encoder with resolution of 0.000 7° is 
employed as the position sensor. The program of con-
trol algorithm is written in C language based on RTX 
real-time system in one Advantech IPC 610 industrial 
control computer, which connects the servo drivers by 
a 16-bit D/A convertor of ISA. The control period is 
1 ms. 
The parameters are identified as Jn=1/6 600 V/((°)·s−2), 
and Bn=1/150 V/((°)·s−1). The fitting curves for fre-
quency characteristics of both actual plant and nominal 
model are shown in Fig. 8. Considering the modeling 
mismatch and the desired robustness, the value of pa-
rameter τ in DOB is chosen as 0.012 s/rad. 
 
Fig. 8  Fitting curves for frequency characteristics of both 
actual plant and nominal model. 
Appropriate values of K1 and K2 are acquired 
through trial and error in experiments. The principle 
for parameter adjusting is to promise better position 
tracking performance and velocity tracking perform-
ance, when the flight simulator tracks square wave 
signal. In the end, the two parameters are set as 
K1=0.018 and K2=40. The position tracking curves and 
velocity tracking curves are illustrated by Fig. 9 and 
Fig. 10 respectively. 
The quantitative results for the first step response 
characteristics can be obtained from Fig. 9. The ad-
justing time (2% error band) approximately equals 
0.23 s, the overshoot is about 3.2%, and the steady- 
state error is nearly 0.000 02°. 
 
Fig. 9  Diagram of position tracking curves. 
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Fig. 10  Diagram of velocity tracking curves. 
The designed ZPETC on condition that the tracking 
signal is unknown is expressed by 
 
1 1 2 3 4
c 0 1 2 3 4
5 1 2
5 1 2
ZPETC{ ( )} (
) /(1 )
G z q q z q z q z q z
q z p z p z
− − − − −
− − −
= + + + + +
+ +
 
where q0 = 147.584 1, q1 = −422.147 1, q2 = 245.332 8, 
q3 = 322.714 8, q4 = −430.709 7, q5 = 137.226 4, p1 = 
−1.992 2, and p2 = 0.993 6.  
In addition, K3 and K4 are acquired under Theorem 4 
and g is chosen as 1 000 rad/s, where K3=1.290 4 and 
K4=9.886 2×10−5. 
The command signal is chosen as 
s( ) 2.0sin(2 1.5 )r k k T= π× × ×  
Assuming that command loss occurs every 5 ms, then 
there is r(k) = r(k−1) because of a zero-order hold. An 
explanatory diagram for the corresponding velocity 
signals is shown as Fig. 11. 
 
Fig. 11  Explanatory diagram for velocity signals. 
The tracking errors under the improved compound 
control scheme and the control scheme with ZPETC 
are shown in Fig. 12.  
According to Fig. 12, the compound scheme im-
proves tracking performance compared with the 
scheme with ZPETC. Moreover, the curves of control 
input and velocity response are shown in Fig. 13 and 
Fig. 14 respectively. 
From Figs. 13-14, the oscillations in control input 
and velocity under the compound scheme are less in-
tense than those of scheme with ZPETC when data 
loss exists, which means the proposed scheme is in-
sensitive to position command distortion. Moreover, 
the velocity signal under the proposed method is more 
smooth. Therefore, the feasibility and efficiency of the 
compound scheme for flight simulator control system 
have been verified by experiments. 
 
Fig. 12  Curves of tracking error under two schemes. 
 
Fig. 13  Curves of control input under two schemes. 
 
Fig. 14  Curves of velocity under two schemes. 
5. Conclusions 
Compared with the scheme with ZPETC, the com-
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pound scheme proposed in this paper has more simple 
design and better tracking performance. Moreover, it is 
less sensitive to position command distortion, which 
means more protections to the devices of flight simu-
lator, especially to the large and expensive ones. The 
compound controller based on DOB also has strong 
robustness against disturbances. Its feasibility and effi-
ciency for flight simulator control system have been 
verified theoretically and experimentally. However, the 
theoretical deductions are carried out at low frequen-
cies in this paper. Therefore, further study aimed at 
better performance at higher frequencies is needed. 
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